To test for possible differences in local conformation and SI flexibility, bovine cardiac and rabbit skeletal myosins were labeled with a fluorophore (1,5-IAEDANS*) and a spin label having iodoacetamide reactivity. The marked activation of the Ca 1+ -ATPase (G-to 8-fold) and inhibition of the K + (EDTA)-ATPase (80-90%) by both labels indicated specific labeling of the fast-reacting thiols (SH,) of both myosins. Fluorescence depolarization studies of 1,5-IAEDANS-labeled cardiac myosin indicated that, like skeletal myosin, the SI moieties of cardiac myosin exhibit considerable segmental flexibility with respect to the rod portion of the molecule. This indicates that segmental flexibility may be a property of all myosins. Cardiac and skeletal myosins immobilized spin labels to approximately the same extent, indicating a similarity in eteric restraints around the SHj thiol of the two myosins. The magnitude of the changes in spin label mobility accompanying binding of MgADP and hydrolysis of MgATP was reduced in cardiac myosin relative to skeletal myosin. This suggests that the lower catalytic center activity of cardiac myosin is associated with more restricted conformational changes accompanying formation of M*«ADP and M**"ADP»P,. From measurements of spin label mobility, the affinity of cardiac and skeletal myosin for ADP were similar: Kj (ADP) -7 UM, n -1.8. The EPR spectrum of spin labels attached to cardiac and skeletal myosin showed similar saturation effects upon actin binding indicating immobilization of myosin heads occurs with both proteins. Circ Res 49: 677-6S4, 1981 
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In recent years, the use of molecular probes has greatly expanded our knowledge of the local struc-ture of fast skeletal myosin. In this laboratory, a fluorophore (1,5-IAEDANS) and a spin label with iodoacetamide reactivity have been attached to the SHi thiols of rabbit fast skeletal myosin. Fluoresence depolarization studies of 1,5-IAEDANS-labeled myosin subfragments indicated that myosin heads enjoy considerable flexibility and behave as though they are connected to the rod by a universal joint (Mendelson et al., 1973) . EPR studies of spinlabeled myosin have revealed conformational changes accompanying the binding of ATP or ADP, the formation of the major steady state species (M**-ADP-P,) and complex formation with actin (Stone, 1970; Seidel et al., 1970; Seidel and Gergely, 1971; Stone, 1973; Seidel, 1973) . In the present study we present the first use of these extrinsic probe techniques to examine possible conformational differences between bovine cardiac myosin and rabbit fast skeletal myosin.
Experimental Procedures

Preparation of Proteins
Fresh beef hearts were obtained from a local slaughter house and transported to the laboratory in ice. Trimmed tissue from the ventricles was hand minced then washed by blendering two times for 5 seconds each in three volumes of 50 mM potassium phosphate buffer (pH 6.8) containing 1 mM EDTA and 10 mM sodium pyrophosphate. After each wash the tissue was centrifuged for 5 minutes at 9,000 rpm. Cardiac myosin was extracted and purified from the washed mince by a modification of the procedure of Tonomura et al. (1966) . The mince VOL. 49, No. 3, SEPTEMBER 1981 was extracted for 2 hours with three times its weight of a solution containing 0.3 M KC1, 0.1 M potassium phosphate (pH 6.8), 5 mM MgCl->, and 1 mM ATP. After centrifugation at 6,500 rpm for 10 minutes, the supernatant was filtered through gauze and diluted with 13 volumes of water. The precipitated myosin was collected by centrifugation at 6,500 rpm for 10 minutes and dissolved in an equal volume of 1.2-2.4 M KC1, 50 mM histidine (pH 6.8). The solution then was diluted with water to give a final KC1 concentration of 0.28 M and centrifuged at 27,000 rpm for 30 minutes. The steps from the precipitation onwards were repeated two more times, except that the last dissolution was in 0.6 M KC1 and the resulting solution was centrifuged for 1 hour at 47,000 rpm. The same method was used for preparation of myosin from (unwashed) minces of rabbit dorsal muscles. Solutions of purified myosins were buffered at pH 6.5-7.0 and stored in 1 mM DTT and 50% glycerol at -20°C.
SDS-polyacrylamide gel electrophoresis of myosin was carried out according to the procedure of Weber and Osborn (1969) . In addition to one heavy chain and two light chains, cardiac myosin occasionally showed a small contaminant with an apparent molecular weight of approximately 17,000 ( Fig. 1 ). Contaminants of similar molecular weight have been observed by others and identified as myoglobin (Shiverick et al., 1975) or proteolytic degradation products of cardiac myosin (Klotz et al., 1975) . Aging did not increase the content of the 17,000 molecular weight contaminant, indicating that proteolytic degradation of purified cardiac myosin did not occur. The absorbance ratio, Aa*> nm/A 2 6o nm, for both preparations was 1.63 or greater, indicating less than 0.25% nucleic acid in the preparations (Layne, 1957) .
Cardiac myosin was subjected to further purification by DEAE-Sepharose chromatography as described by Murakami et al. (1976) . Figure 2 gives the elution profile of myosin from the DEAE-Sepharose column. Approximately two-thirds of the recovered protein did not bind to the column. The remaining protein bound to the column and was eluted by the KC1 gradient. Taylor and Weeds (1976) also reported that a large fraction of bovine cardiac myosin was not retarded on a DEAE-cellulose column; this fraction appeared aggregated and displayed impaired activity at low substrate concentrations.
In prehminary studies, cardiac myosin was also prepared by a modification (Murakami et al., 1976) of the procedure of Wikman-Coffelt et al. (1973) in which extraction and purification are carried out in the presence of 1 mM EDTA and 2 mM /3-mercaptoethanol. Following two precipitation-dissolution cycles, saturated ammonium sulfate solution was added and the fraction between 36 and 45% saturation was collected. Cardiac myosin prepared in this manner had twice the Ca" + -ATPase of our standard cardiac preparation. Furthermore, the mobility of spin labels attached to SH] thiols of cardiac myosin prepared by the method of Murakami et al. was sensitive to Mg 2 "1" addition, an effect not previously observed with either skeletal myosin or our standard cardiac myosin preparation. The cause of these differences is not clear, but it is possible that prolonged treatment with high concentrations of EDTA during preparation alters the active site.
F-actin was prepared as described earlier (Stone et al., 1970) .
Spin-Labeling
To ensure that alkaline denaturation (Seidel, 1967) did not occur during spin-labeling (which occurs optimally at pH 8), the following procedure was developed and used for both cardiac and fast 500 1000
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FIGURE 2 Chromatography of cardiac myosin on DEAE-Sepharose CL-6B. One gram (80 ml of 1.25%) of cardiac myosin dialyzed against 0.15 M potassium phos phate buffer (pH 7.5) containing 50 mM KCl and 0.1 mM EDTA was applied to a 5 X 15 cm column equilibrated at 4°C with the same buffer. The column was washed with 300 ml equilibrating buffer, then eluted with a KCl linear gradient composed of equal volumes of equilibrating buffer and 0.15 M potassium phosphate buffer (pH 7.5) containing 0.4 M KCl and 1 mM EDTA. Fractions of 10 ml were collected at a flow rate of 140 ml/hr. The fractions indicated by the shaded area were pooled and concentrated by dialysis against water, centrifugation, and resuspension of the precipitate in 0.5 M KCl skeletal myosin. Glycennated myosin was diluted with cold water to 40 mM KCl and centrifuged. The precipitated myosin was washed two times by suspension in 40 mM KCl, 1 mM TES (pH 7), and collected by centrifugation. The washed myosin was suspended in 0.5 M KCl, 50 mM Tris (pH 8.0) on ice and reacted for 90-120 minutes with 0.5-4 moles of the spin label, N-(l-oxyl-2,2,6,6-tetramethyl-4-piperidinyl) iodoacetamide (purchased from Syva Associates). The reaction was terminated by precipitation and the precipitated, spin-labeled protein was collected by centrifugation, washed two times as described above, and suspended in 0.5 M KCl, 5 mM TES (pH 7.0) at a final protein concentration of 20-25 mg/ml. Control samples of cardiac myosin carried through this procedure in the absence of spin label suffered no loss in catalytic activity.
Reaction with 1,5-IAEDANS Cardiac myosin was reacted with 1,5-IAEDANS at pH 7, 4°C for 24 hours as described previously for skeletal myosin (Mendelson et al., 1973) . The labeled protein then was precipitated by dilution with cold water, washed (as described above for spin-labeling) to remove unreacted dye, and suspended in 0.5 M KCl, 50 mM TES (pH 7.0). Prior to fluorescence depolarization measurements, the labeled protein was centrifuged at 47,000 rpm for 3 hours to remove aggregated protein.
Analytical Methods
EPR spectra were recorded at room temperature with a Vanan E-3 EPR spectrometer as described previously (Stone et al., 1970) . The amount of spin label covalently bound to myosin was determined on alkaline-denatured samples, as described earlier (Stone, 1973) . Spin label mobility, R 2 i, is given by the ratio, H^/Hi, where Hi and H> are the heights of peaks 1 (strongly immobilized label) and 2 (weakly immobilized label), respectively, of the EPR spectrum. An increase in R 2 i indicates an increase in spin label mobility. The spectral change due to ADP binding, AR21 (ADP), is given by the difference in R 2 i measured in the presence and absence of saturating ADP. The spectral change accompanying steady state hydrolysis of ATP, AR21 (ATP), is given by the difference in R2] measured in the presence and absence of excess ATP. MgCl 2 was present for both determinations. The effect of actin addition on saturation of the spin-labeled myosin EPR spectrum (Seidel, 1973) was calculated from R3 (actomyosin)/R-j (myosin) where R3 is the ratio of the amplitude of peak 3 (the midpeak) at 180 mW (high microwave power) to the amplitude of the same peak recorded at 3.2 raW (low power). Fluorescence depolarization measurements were made at 5°C using the nanosecond-decay fluorimeter previously described (Mendelson et al., 1975) .
The magnitude of the initial burst of P, and the steady state velocity of the ATPase reaction were determined by measurement of P, production using the colorimetric technique of Fiske and Subbarow (1925) as modified by Morales and Hotta (1960) . Steady state velocities are reported in units of moles P,/g • sec. The viscosity of the solutions of actin and myosin was measured in Ostwald viscometers at 25°C according to the procedure described by Eisenberg and Moos (1967) . Protein concentrations were determined by ultraviolet absorption at 280 ran. The extinction coefficients used were 543 cmVg for cardiac and skeletal myosin (Gellert and Englander, 1963) and 1149 cnv/g for F-actin (Eisenberg and Moos, 1967).
Results
Effect of Spin-labeling on Myosin Catalytic Activity
Skeletal and cardiac myosin were reacted with 0.5-4 moles of iodoacetamide spin label and assayed for bound spin label and catalytic activity ( Figs. 3  and 4 ). The K + (EDTA)-ATPase activity of cardiac myosin (11 /xmoles P,/g • sec) was approximately one-fourth that measured for skeletal myosin (43 /umoles Pi/g • sec). The Ca 2+ -ATPase of cardiac myosin (1.3 /xmoles P,/g • sec) was also approximately one-fourth that observed for skeletal myosin (5.2 jtmoles Pi/g • sec). Spin-labeling caused similar changes in the catalytic activity of both proteins. VOL. 49, No. 3, SEPTEMBER 1981 Labeling with two or more moles of spin label inhibited the K + (EDTA)-ATPase by more than 80% and activated the Ca~+-ATPase 8-fold. The magnitude of the activity changes and the saturation at close to 2 moles per mole of myosin are typical for the near specific modification of the SHi thiol of both myosins [see, for example, Pfister et al. (1975) ].
The Mg 2+ -dependent ATPase of both skeletal (Lymn and Taylor, 1971 ) and cardiac (Taylor and Weeds, 1976) myosins is characterized by a rapid pre-steady state burst of Pi release amounting to 1.5-1.6 moles P, liberated per mole of myosin; this indicates that a step subsequent to hydrolysis is rate limiting. Seidel and Gergely (1973) have demonstrated that the magnitude of the P, burst of skeletal myosin is unaltered by spin labeling. In the present study, the P, burst of spin-labeled cardiac myosin was found to be 1.4 ± 0.1 moles P, liberated per mole of myosin, which is within experimental error of the values obtained by others for spinlabeled skeletal myosin and unlabeled cardiac myosin.
Effect of Nucleotides on Spin Label Mobility
The mobility of spin labels attached to cardiac myosin that had not been subjected to DEAE-Sepharose chromatography was significantly greater than that of labels attached to skeletal myosin. However passage through a DEAE-Sepharose column removed a catalytically active fraction which immobilized the spin label poorly. (This fraction also had significantly lower actomyosin ATPase activity and showed no EPR spectral change upon interaction with actin.) Cardiac myosin which bound to DEAE-Sepharose and was subsequently eluted by a KCl gradient immobilized spin labels to approximately the same extent as skeletal myosin (Fig. 5, solid lines) . The changes in spin label mobility accompanying binding of MgADP (dashed lines) and hydrolysis of MgATP (dotted lines) were significantly smaller for cardiac myosin than for skeletal myosin. Values of AR 2 i (ADP) were 0.24 and 0.40, whereas values of ARo, (ATP) were 0.48 and 1.3 for cardiac and skeletal myosins, respectively.
The change in spin label mobility was measured as a function of ADP concentration, and the binding parameters for ADP were estimated graphically (Stone, 1973) . Data for both proteins could be fit by the same curve (Fig. 6) ; from the slope and the intercept on the ordinate, n = 1.6 and kd = 7 juM, respectively, are obtained.
Interaction of Actin with Cardiac and Skeletal Myosins
The actin-activated ATPase activity of cardiac myosin purified by DEAE-Sepharose chromatography was less than one-tenth that of skeletal myosin (Table 1) , in agreement with previous findings of others (Barany et al., 1964) . When actin interacts with SHj-spin-labeled skeletal myosin, there is a decrease in the microwave power required to saturate the EPR signal (Seidel, 1973) which has been interpreted as a decrease in myosin head mobility . This effect can be detected by measuring the amplitude of the midpeak of the EPR spectrum as a function of microwave power. In Figure 7 , the midpeak amplitude for actomyosin is plotted against that for myosin alone. Both car- " The theoretical value of log TJ^I IS the sum of the log r^i for actin and myosin measured mdlviduallv diac and skeletal myosin gave a similar downward curvature, indicating that the corresponding actomyosins saturated at lower power than the myosins. R3(actomyosin)/R3(myosin) is a quantitative measure of this effect; a value of 1 indicates no change in signal saturation; a value less than 1 indicates that saturation of the actomyosin spectrum occurs at lower microwave power than saturation of the myosin spectrum. Comparable values for this ratio were obtained for cardiac and skeletal myosins (Table 1) . Viscosity measurements confirmed the presence of complex formation between actin and both myosins (Table 1) .
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I amax FIGURE 6 Graphical estimation of the number of binding sites and the dissociation constant for the binding of ADP to spin-labeled myosins by the method of Stone (1973) VOL. 49, No. 3, SEPTEMBER 1981 Fluorescence-Labeled Cardiac Myosin Cardiac myosin purified by DEAE-Sepharose chromatography was labeled with varying amounts of 1,5-IAEDANS and assayed for catalytic activity and fluorescence intensity (Fig. 8) . Inhibition of K + (EDTA)-ATPase and activation of Ca 2+ -ATPase indicated specific labeling of the SHi thiols. The Ca 2+ -ATPase of fully labeled cardiac myosin (2 dyes/myosin) was activated between 6-and 7-fold, in agreement with previous findings for skeletal myosin (Mendelson et al., 1975) which indicated (as in the case of the spin label) that a fairly specific labeling of SH, had occurred.
Fluorescence depolarization measurements were carried out on samples of DEAE-Sepharose-purified cardiac myosin reacted with 1 mole of 1,5-IAEDANS per mole of myosin. In high salt, where myosin is free in solution, the fluorescence polarization decayed significantly within the time range of our measurements (Fig. 9) . Under low salt conditions where synthetic filaments are formed, little if any decay of polarization was observed. The results are simUar to those found with skeletal myosin (Mendelson et al., 1973) , although the soluble cardiac myosin decay curve was usually slightly more biphasic than the curve for skeletal myosin. This biphasic behavior could arise from some of the molecules aggregating or from the dye being oriented so that it is sensitive to more than one degree of freedom of motion. Even the columnpurified fractions showed more tendency to aggregate than skeletal myosin as judged by the amount of pelleting in ultracentrifuge runs. For this reason all samples were centrifuged for 3 hours at 190,000 g immediately before fluorescence depolarization measurements were made. This was found to be sufficient to minimize aggregates in the sample, as judged by depolarization experiments and the amount of pelleting in successively longer centrifuge spins. Although a small amount of remaining aggregation may be contributing to the data, the measured effective correlation time (<£) was 650 nsec, which is similar to that obtained with soluble skeletal myosin (450 nsec). The possibility that dye motion was significant for soluble myosin was precluded because filament formation removed the depolarization. Thus, as is the case for skeletal myosin, the depolarization appears to arise from motion of the head pivoting freely about a flexible joint at the S1-S2 junction. Also, as is the case for skeletal myosin, the formation of synthetic filaments under low salt conditions introduces steric hindrance which greatly decreases the motion of the heads.
Discussion
As judged by both K + (EDTA)-and Ca 2+ -ATPase activities, the specificity of reaction of both the IAA spin label and the fluorophore, 1,5-IAEDANS, is similar for cardiac and skeletal myosins. Since both probes are attached to the same site (SHi) in cardiac and skeletal myosin, differences in the signals reported by these groups may be attributed to differences in local protein conformation. Spin labels attached to the SHi thiols of skeletal myosin are strongly immobilized, suggesting that the SHi thiol is situated in a narrow crevice (Seidel et al., 1970; Stone, 1970) . At the same extent of labeling, the EPR spectra of cardiac and skeletal myosins were similar, indicating that the fraction of label attached to strongly immobilizing sites was essentially the same for the two proteins. This suggests a similarity in the steric restraints around the SHi group of both myosins. It is interesting that the primary structures around the SH] thiol are also very similar for the two myosins; Flink et al. (1977) have reported that a 28-residue peptide containing the SHi thiol has only two conservative substitutions.
The Mg 2+ dependent ATPase of both cardiac and skeletal myosin occurs via a multi-step process which involves at least three conformational states of the protein in addition to binding and cleavage of ATP and adsorption of ADP and P, (Bagshaw et al., 1974; Taylor and Weeds, 1976) . Taylor and Weeds (1976) have reported that equilibrium constants for substrate binding and cleavage are comparable for the two myosins but were unable to measure the equilibrium constant for ADP association, as the ADP-induced (native) fluorescence change was too small to permit accurate measurement. The change in spin label mobility is sufficiently large for accurate measurement of ADP binding; similar values for rwi(ADP) (7 IIJA) were obtained for spin-labeled cardiac and skeletal myosins. These values agree with those obtained by equilibrium dialysis with unlabeled skeletal myosin (Lowey and Luck, 1969) , indicating that the spin label does not alter ADP binding. Thus it may be concluded that equilibrium constants for both substrate and product binding are comparable for cardiac and skeletal myosins. Taylor and Weeds (1976) have reported that the rates of the steps involving changes in protein conformation are significantly lower for cardiac myosin. In the present study it was found that the magnitudes of the changes in spin label mobility accompanying binding of MgADP and hydrolysis of MgATP by cardiac myosin were approximately 60 and 40%, respectively, of those observed for skeletal myosin. Since both the P; burst and Kj(ADP) were unchanged by spin-labeling, a shift in the equilibrium of the cleavage and ADP binding steps could be ruled out. These findings suggest that the environment of the spin label in theM* • ADP and M** • ADP • Pi complexes differs in cardiac and skeletal myosins. Sjnce the two proteins have a very similar primary structure around the SHi thiol (Flink et al., 1977) , it is likely that the environmental difference arises from a reduction in the magnitude of the conformational change accompanying formation of M * • ADP and M * * • ADP • Pi in cardiac myosin. Taylor and Weeds (1976) also reported that the amplitude of the native fluorescence change induced by ADP and ATP addition was reduced in cardiac myosin relative to skeletal myosin. Immobilization of myosin heads upon complex formation with actin was detected by spin labels attached to the SH] thiol of both cardiac and skeletal myosins. Since the actomyoein ATPase activities of these two myosins differed by a factor of 10 or more, the mobility change detected by the spin labels probably does not reflect molecular events involved in the actin-activation of myosin ATPase.
Fluorescence depolarization studies of 1,5-IAE-DANS-labeled cardiac myosin indicated that, like skeletal myosin, the Si moieties of cardiac myosin exhibit considerable freedom with respect to the rod portion of the molecule. Thus it appears that the segmental flexibility observed by Mendelson et al. (1973) may well be a general property of all myosins. Since it was postulated that this flexibility is required to allow the cross-bridge to change its declination on actin and thereby generate force (Huxley, 1969) , its presence in these experiments is in harmony with the notion of a common mechanism of force generation in all muscles.
